Background: BMS-663068 is the phosphonooxymethyl prodrug of BMS-626529, a small-molecule attachment inhibitor that targets the HIV-1 envelope glycoprotein gp120 preventing it from binding to CD4 + T cells. In vitro investigations have demonstrated considerable variation in susceptibility of different HIV-1 isolates to BMS-626529. BMS-663068 monotherapy in HIV-1-infected subjects produced a mean maximum change from baseline of 21.64 log 10 copies per milliliter, but the response was variable.
INTRODUCTION
There is a continuing need for the development of novel antiretroviral drugs and regimens to address the tolerability and long-term safety concerns associated with current treatment options, the immune dysfunction induced by HIV infection, and the emergence of antiretroviral drug resistance. 1, 2 HIV-1 attachment inhibitors (AIs) represent a novel class of small-molecule antiretroviral agents that bind to the HIV-1 envelope glycoprotein, gp120, and selectively inhibit the interaction between the virus and its host receptor, CD4, thereby preventing viral entry into the host cells. 3 Proof-of-concept for this class was achieved in an 8-day placebo-controlled monotherapy trial of the progenitor AI BMS-488043. 4 In this study, BMS-488043 demonstrated potent antiviral activity; however, there was significant variability in individual half-maximal effective concentration (EC 50 ) values. 5 Four of the 30 enrolled subjects had baseline EC 50 .200 nM, and 4 of the 24 subjects who received BMS-488043 had emergent phenotypic resistance (EC 50 .10-fold higher than baseline) over the course of the study. Five gp120 mutations were identified that were associated with BMS-488043 resistance (V68A, L116I, S375I/N, and M426L). 5 Efforts to increase the inhibitory potency of the AI class against specific HIV-1 isolates resulted in the discovery of BMS-626529. 6 Low solubility and poor intrinsic dissolution properties of BMS-626529 were addressed through development of the phosphonooxymethyl prodrug BMS-663068, which has been examined in a proof-of-concept study. 7 In vitro investigations have demonstrated considerable variation in susceptibility of HIV-1 envelopes to BMS-626529. The majority of viral isolates were susceptible, with EC 50 values ,10 nM; however, susceptibility varied by .6 log 10 , with EC 50 values for the most susceptible viruses in the low pM range. 6 BMS-626529 displayed activity against almost all subtypes tested, with subtype B appearing to be most susceptible, followed by subtype C and then subtype A. Only subtype AE and possibly group O were not susceptible to BMS-626529 in vitro. 6 Susceptibility was observed for envelopes with CCR5, CXCR4, or dual tropism. 6 In an 8-day monotherapy study of treatment-naive and treatment-experienced HIV-1-infected subjects, all of whom were infected with subtype B virus, BMS-626529, administered as BMS-663068, effected significant reductions in plasma HIV-1 RNA, with an average maximum change from baseline of 21.64 log 10 copies per milliliter (range, 22.395 to +0.039 log 10 copies per milliliter). 7 Previous analyses from this study showed that plasma concentrations of BMS-626529 were not associated with antiviral response, whereas baseline halfmaximal inhibitory concentration (IC 50 ) values were correlated with virological response. 7 The present analysis examined the relationship between virological response and baseline factors in the 8-day monotherapy study of BMS-663068. Susceptibility of envelopes to BMS-626529 and the presence of substitutions shown to affect susceptibility to BMS-626529 in vitro were analyzed. In addition, viral populations were analyzed after treatment to determine whether short-term monotherapy selected for reductions in susceptibility or for the emergence of any known resistance-associated substitutions.
METHODS

Study Design and Subjects
This was a randomized, open-label, multiple-dose parallel study, which has previously been described in detail. 7 Five dose regimens of BMS-663068 were evaluated for 8 days: group 1, 600 mg BMS-663068 plus 100 mg ritonavir every 12 hours (Q12H); group 2, 1200 mg BMS-663068 plus 100 mg ritonavir every bedtime; group 3, 1200 mg BMS-663068 plus 100 mg ritonavir Q12H; group 4, 1200 mg BMS-663068 Q12H plus 100 mg ritonavir every morning; group 5, 1200 mg BMS-663068 Q12H. Eligible subjects were adults (aged $18 years) infected with subtype B HIV-1 who had plasma HIV-1 RNA levels $5000 copies per milliliter (assessed using a Roche COBAS Amplicor Analyzer; Roche Diagnostics, Indianapolis, IN) and CD4 + T-cell counts $200 cells per microliter. Viral tropism was determined using the Trofile assay (Monogram Biosciences, San Francisco, CA). Subjects could be antiretroviral treatment naive (defined as not having received therapy for $1 week) or experienced; however, all antiretroviral therapy must have been discontinued for at least 8 weeks before participation in the study. For the purpose of the analyses reported here, we defined a virological responder as a subject with a maximal decline in plasma HIV-1 RNA of $1 log 10 copies per milliliter and a nonresponder as a subject with a maximal decline in plasma HIV-1 RNA of ,1 log 10 copies per milliliter.
All subjects provided written informed consent before participation in the study. The study was conducted in accordance with Good Clinical Practice and the ethical principles of the Declaration of Helsinki. The protocol was approved by the Institutional Review Board at the study site.
Susceptibility Assay
The susceptibility of subjects' viral quasispecies at days 1 (baseline) and 8 was assessed from plasma using the PhenoSense Entry assay (Monogram Biosciences). Originally, the highest concentration of BMS-626529 tested in the assay was 100 nM. 7 As 7 subjects had IC 50 values above this concentration, samples were retested with a maximum concentration of BMS-626529 of 10 mM. To minimize interassay variability, subjects' IC 50 values were normalized to that of a control virus tested within the same analytical batch, to obtain fold change IC 50 
Population env (gp160) Sequencing
Population sequencing of baseline and day 8 samples was performed using GeneSeq Env (Monogram Biosciences). The GeneSeq Env assay analyzes the entire HIV gp160 envelope glycoprotein gene (env). Indeterminate regions are common in HIV env population sequences, primarily due to the presence of sequence length heterogeneity (insertion/deletions), especially in the variable regions encoding gp120. Multiple alignment of the subjects' env sequences and HXB2 reference amino acid sequence was performed using ClustalX. 9 Nucleotide sequences were aligned to the HXB2 reference amino acid sequence using the FrameSearch algorithm 10 for assigning nucleotides to codons. Where the nucleotide sequence had mixture calls, translations were made by expanding all possibilities within the codon. If there was only one possible translation, that amino acid letter was assigned; if there were 2 possibilities, both amino acid letters were assigned. In the event of 3 or more possible translations, or if the sequence was unreadable due to insertions/deletions, an X was assigned for the translation at that codon. In cases where an X was assigned at baseline and the day 8 sequence was the same as the HXB2 reference sequence, the amino acid present within the HXB2 reference sequence was also assigned to the baseline sequence. The nucleotide sequences have been deposited in GenBank.
Positions with known AI resistance mutations based on previous in vitro selection studies were examined manually for association with virological response. These included L116P, A204D, M426L, M434I, M475I, and V506M, which have all been identified as substitutions associated with in vitro resistance to BMS-626529. 11 In addition, substitutions at positions 68, 185, 255, 281, 375, 423, 506, 595, and 655 have been associated with in vitro resistance to other AI analogs 5, [11] [12] [13] (unpublished data, Bristol-Myers Squibb, 2011). Specifically, position 375 was included in this study because it is an important position for in vivo resistance to BMS-488043, the progenitor AI. 5 
Statistical Analyses
An automatic scan of all positions in the multiple sequence alignment was performed using the Fisher exact test, a 2-tailed mid-P variant.
14 For each position in the alignment, the following counts were made:
• Number of nonresponders same as HXB2 here • Number of nonresponders different from HXB2 here • Number of responders same as HXB2 here • Number of responders different from HXB2 here From these counts, a P value was computed for the hypothesis that variability at this position was significantly different in either direction for responder versus nonresponder subjects (ie, a 2-tailed hypothesis test). Each of the 10 positions in the sequence alignment having the smallest P values was manually examined for association with virological response. For some positions, it was not possible to compute a P value, either because all subjects in both groups were the same as HXB2 at that position or because no subject in either group was the same as HXB2. It was possible to perform a Fisher exact test calculation at 616 positions, and adjustment for multiple comparisons was performed using Bonferroni correction. It should be noted that with the limited number of subjects in this study, statistical power to detect either rare mutations or mutations with a small effect on drug resistance was lacking.
RESULTS
Efficacy
Fifty subjects were randomly assigned to treatment, and 48 subjects completed the study (2 subjects were withdrawn because they did not meet the inclusion criteria; both were infected with non-subtype B HIV-1). Baseline demographics and disease characteristics were generally well balanced between the regimen groups. 7 Of the 48 subjects who completed the study, there were 42 responders ($1.0 log 10 copies per milliliter decline in plasma HIV-1 RNA) and 6 nonresponders.
Predictors of Virological Response
Susceptibility to BMS-626529 was obtained for 46 subjects at baseline; IC 50 values could not be obtained for 2 subjects (who were responders) because of assay failure. All 6 nonresponders had a baseline IC 50 .100 nM. 7 Furthermore, all nonresponders had high baseline FC-IC 50 (.100). Figure 1A shows individual baseline FC-IC 50 values plotted against maximum reduction in plasma HIV-1 RNA levels. These data indicate that there was a correlation between the 2 variables, with nonresponse to BMS-663068 being predicted by high baseline BMS-626529 FC-IC 50 . It should be noted that 1 individual (subject 5) demonstrated a robust maximum decline in plasma HIV-1 RNA of 21.61 log 10 copies per milliliter, despite having a very high baseline IC 50 of 5.29 mM and an FC-IC 50 of 6136.5; the reasons for this are not currently understood.
The relationship between virological response and selected baseline parameters, including treatment experience, coreceptor tropism, plasma HIV-1 RNA level, and CD4 + T-cell count, is shown in Figures 1B-E . These data show that none of these baseline variables were predictive of response.
To evaluate whether there was an association between BMS-626529 resistance-associated envelope substitutions and virological response, multiple sequence alignment of subjects' envelope genes and the HXB2 amino acid sequence was performed. Owing to the polymorphic nature of gp160 and the presence of sequence length heterogeneity, complete env sequences could not be obtained by population sequencing for all subject samples. As a result, the sequences from certain populations contained stretches of unreadable or ambiguous sequences as indicated in Table 1 . Previous in vitro studies have identified a series of substitutions at 7 positions that may encode for reduced susceptibility to BMS-626529.
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Examination of all these markers showed that M426L was the only substitution that appeared to have an association with nonresponse to BMS-626529 (Table 1) , as 4 out of the 6 nonresponders had this substitution. A fifth nonresponder, whose baseline sequence was unreadable (X) at position 426, harbored L426 on day 8, which may have preexisted in this subject at baseline. However, M426L was also present in 2 responders, indicating that this substitution does not preclude response to BMS-663068. One of the responders, who harbored M426L (subject 21), had an intermediate baseline IC 50 of 16.4 nM (FC-IC 50 : 39.0) and a correspondingly moderate maximal decline in plasma HIV-1 RNA of 21.08 log 10 copies per milliliter, whereas the other responder to harbor M426L (subject 5) demonstrated a robust maximal decline in plasma HIV-1 RNA of 21.61 log 10 copies per milliliter, although this subject also had a very high baseline IC 50 of 5.29 mM (FC-IC 50 : 6136.5). The only nonresponder without the M426L substitution at baseline (subject 41; IC 50 : 1.36 mM; FC-IC 50 : 1433.1) possessed M434I (a BMS-626529 resistance-associated mutation) and S375M substitutions, the latter of which is at a position of known importance in clinical resistance to the previous AI, BMS-448043. 5 The smallest Fisher exact test P value for association with virological response, determined by an automatic scan of all env positions in the multiple sequence alignment, was 0.0033 at position 426, but after adjusting for the 616 multiple comparisons (Bonferroni correction), this did not achieve statistical significance. Of the remaining 9 positions with smallest P values, none were at positions of known BMS-626529 resistance substitutions (see Table S1 , Supplemental Digital Content, http://links.lww.com/QAI/A427).
Changes Between Baseline and Day 8
Susceptibility and sequence data at both baseline and day 8 were available for 38 subjects [data were not available for 10 subjects due to assay failure at baseline (2 subjects) or day 8 (8 subjects); the latter failures were most likely due to low viral load]. Changes in FC-IC 50 day 8/day 1 were minimal, generally well within the assay variability range for FC-IC 50 in this assay (2-to 3-fold), and similar across treatment groups (Fig. 2) . There was a suggestion of an increase in FC-IC 50 at day 8 in all treatment groups; however, the magnitude of these increases was relatively small. 
The median FC-IC 50 day 8/day 1 was 1.33 for all subjects combined, with the majority of subjects (33 of 38) demonstrating changes in FC-IC 50 from baseline to day 8 of ,3-fold. Five subjects (3 nonresponders and 2 responders) had increases in FC-IC 50 only marginally higher than the assay variability range, with none .5-fold. Examination of these 5 subjects showed that the 3 nonresponders already had high IC 50 (FC-IC 50 ) values [1357 nM (1433), 270 nM (314), and 2013 386 nM (448)] at baseline, whereas the 2 responders continued to exhibit low IC 50 s (FC-IC 50 s) on day 8 [0.2 nM (0.337) and 3 nM (4.54)]. Analysis of the env sequence from the 5 subjects with changes in FC-IC 50 from baseline to day 8 of .3-fold showed that 1 of these 5 subjects (subject 64; responder) had changes at position 426 that may represent enrichment of envelopes with L426 or suppression of envelopes with M426 (Table 2) . Another subject (subject 54; nonresponder) who had changes in FC-IC 50 from baseline to day 8 of .3-fold had an unreadable sequence at position 426 at baseline but harbored L426 on day 8. It is unclear whether the L426 substitution in this subject arose over the course of therapy or preexisted at baseline before BMS-663068 therapy. No known resistance mutations were selected for in any of the other subjects.
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Examination of the relationship between changes in FC-IC 50 and baseline parameters revealed that greater increases in FC-IC 50 on day 8 may be more likely in those subjects with high baseline FC-IC 50 (Fig. 3A) . There was no apparent relationship between baseline plasma HIV-1 RNA level or maximum reduction in plasma HIV-1 RNA and change from baseline of FC-IC 50 on day 8 (Figs. 3B, C, respectively) .
DISCUSSION
BMS-626529, dosed as the prodrug BMS-663068, has demonstrated antiviral activity in a short-term monotherapy study in HIV-1-infected subjects. 7 The data presented here demonstrate that virological nonresponse to BMS-663068 was predicted by low baseline susceptibility to BMS-626529 (reflected by a high baseline FC-IC 50 ).
The prominence of gp120, an extracellular protein, as a major target of immune responses in the host, likely results in considerable immune-based selective pressures on gp120. This in turn results in considerable changes in gp120 sequence and greater heterogeneity within the infecting quasispecies with longer duration of infection, greater virological turnover, or more progressive disease. Changes in HIV-1 tropism (mediated by changes in gp120) from CCR5 to CXCR4 or dual-tropic virus have been noted with longer duration of infection, higher plasma HIV-1 RNA levels, and lower CD4 + T-cell count. 15 Similar changes in the gp120 population may in turn be relevant to the in vivo antiviral activity of BMS-626529. We explored whether variables related to these factors influenced antiviral activity in our study. We did not observe any obvious correlation between virological response to BMS-626529 and history of previous antiretroviral experience, baseline plasma HIV-1 RNA level, or baseline CD4 + T-cell count. Similarly, we found no correlation with coreceptor tropism in this clinical study, in line with our previous in vitro findings of the lack of relationship between coreceptor usage and BMS-626529 susceptibility. 6 In an earlier in vitro study, several substitutions were found to be associated with decreased susceptibility to BMS-626529. 11 After manual sequence examination at these positions in subjects enrolled in this study, M426L was found to be the primary substitution whose presence at baseline was associated with nonresponse to BMS-626529. The M426L substitution was absent at baseline in 1 nonresponder, who instead harbored substitutions at other positions associated with resistance to BMS-626529 and BMS-448043 (M434I and S375M). M426L was also found to be present in 2 responders. Therefore, we conclude that while the presence of the M426L substitution at baseline does not entirely preclude response, it does seem to be predictive of nonresponse to BMS-663068.
In this study, an 8-day monotherapy did not select for high-level resistance to BMS-626529. Furthermore, the median FC-IC 50 between days 1 and 8 was minimal and similar across treatment groups, and there was no apparent relationship between baseline plasma HIV-1 RNA levels or virological response and fold change of FC-IC 50 on day 8. Possible increases in the proportion of L426 were observed in the envelope populations for 2 subjects and may represent the effect of drug pressure by BMS-626529, resulting in enrichment of envelopes with L426 or suppression of M426.
The lack of emergence of high-level resistance observed in the current study is in contrast to an earlier study of BMS-488043, in which viruses from 4 of 24 subjects who received BMS-488043 had emergent resistance [.10-fold change in susceptibility from baseline (range: 33-to 344-fold)] by day 8. 4 This difference may be due to one or more factors differentiating BMS-626529 from BMS-488043. BMS-626529 has demonstrated greater in vitro antiviral potency compared with BMS-488043 for the majority of HIV-1 strains tested. 6 Also, blood levels of BMS-626529, administered as the prodrug BMS-663068, were higher than those of BMS-488043. 5, 7 The increased in vitro antiviral potency combined with the higher blood levels of BMS-626529 are likely to produce greater inhibitory quotients, which may limit the likelihood and speed of resistance selection, and result in an increased barrier to resistance for BMS-626529 compared with BMS-488043.
Emergence of resistance has been reported in shortterm monotherapy studies of other entry inhibitors, such as maraviroc and enfuvirtide. In a 10-day monotherapy study of maraviroc, changes in virus tropism were observed in 2 of 8 subjects receiving a 100 mg once daily dose of maraviroc, although viral load responses in these individuals were comparable to those of other subjects in the treatment group. 16 In a 14-day enfuvirtide monotherapy study, viral resistance emerged in 2 of 4 subjects in the 30 mg (subtherapeutic dose) arm but not in any of the other treatment arms. 17 Longer-term (28-day) monotherapy studies of enfuvirtide, showed high-level (.10-fold) increases in IC 50 in .20% of evaluable subjects at the end of the study period. 18, 19 Our study has certain limitations. The small number of subjects limits the robustness of some of the conclusions. For example, the lack of correlation of virological response with some baseline variable (such as plasma HIV-1 RNA or CD4 + T-cell count) noted in this exploratory study will need to be confirmed in larger clinical trials with more heterogeneous subject populations. Furthermore, larger populations will be required to better define a clinically meaningful phenotypic resistance cutoff or a genotypic algorithm that can predict virological response. The highly polymorphic nature of gp120 observed across clinical isolates may suggest a considerably greater heterogeneity in gp120 within the quasispecies prevalent in an infected subject compared with other viral targets. Our resistance analysis here focused on population phenotyping or genotyping due in part to the ready availability of these methods for clinical assessment now and in the near future. Nevertheless, a comprehensive evaluation of minority variants at baseline to understand their role in virological response will be informative. Assessment of changes in minority variants at the end of therapy will also be helpful to understand the viral quasispecies' response to selective pressure with BMS-626529. The apparent increases in the proportion of L426 observed in the envelope populations for 2 subjects who experienced limited increases in the FC-IC 50 is consistent with BMS-626529-driven enrichment of minority L426.
In conclusion, nonresponse to BMS-663068 was associated with low baseline susceptibility to BMS-626529 and the presence of AI resistance substitutions such as M426L, S375M, and M434I. In this short-term monotherapy trial, there was minimal evidence of selection for high-level BMS-626529 resistance as measured by standard population-based phenotypic and genotypic approaches. These data support the continued clinical development of BMS-626529, and a phase 2b study of BMS-663068 in HIV-1-infected treatment-experienced subjects is ongoing (NCT01384734).
